The stability and longevity of recordings obtained from intracortical microelectrodes continues to remain an area of concern for neural interfacing applications. The limited longevity of microelectrode performance has been associated with the integrity of the blood brain barrier (BBB) and the neuroinflammatory response to the microelectrode. Here, we report the investigation of an additive approach that targets both mechanical and chemical factors believed to contribute to chronic BBB instability and the neuroinflammatory response associated with implanted intracortical microelectrodes. The implants investigated were based on a mechanically adaptive, compliant nanocomposite (NC), which reduces the tissue response and tissue strain. This material was doped with various concentrations of the antioxidant resveratrol with the objective of local and rapid delivery. In vitro analysis of resveratrol release, antioxidant activity, and cytotoxicity suggested that a resveratrol content of 0.01% was optimal for in vivo assessment. Thus, probes made from the neat NC reference and probes containing resveratrol (NC Res) were implanted into the cortical tissue of rats for up to sixteen weeks. Histochemical analysis suggested that at three days post-implantation, neither materials nor therapeutic approaches (independently or in combination) could alter the initial wound healing response. However, at two weeks postimplantation, the NC Res implant showed a reduction in activated microglia/macrophages and improvement in neuron density at the tissue-implant interface when compared to the neat NC reference. However, sixteen weeks post-implantation, when the antioxidant was exhausted, NC The authors have no conflicts of interest related to this work to disclose. 
Introduction
Chronic recordings from intracortical microelectrodes provide a platform to enable neural control for motor restoration [1] . A variety of reports have described successful motor control tasks in patients with tetraplegia, including control of a computer cursor, control of a prosthetic limb (reach and grasp), point-and-click communication, and speech synthesis [2] [3] [4] [5] . Although top performing arrays have been implanted for over 4 years, a majority of studies still display decreases in viable recording channels over time [6, 7] .
While there are several noted failure modes for intracortical microelectrodes, it is widely regarded that the proximity of neurons and characteristics of the tissue surrounding microelectrodes play a crucial role in the stability and integration of implanted microelectrodes [8] [9] [10] . Recent work by the Bellamkonda group has demonstrated that maintaining the integrity of the blood-brain barrier influences recording stability [11] . Several mechanisms are believed to contribute to prolonged BBB dysfunction surrounding implanted microelectrodes.
First, traditional intracortical electrode materials are much stiffer than the brain tissue. In silico studies suggest that the mechanical mismatch induces substantial strain on the surrounding tissue, exacerbating the inflammatory response and neurodegeneration [9, 10, 12, 13] . These studies further suggest that reduction of micromotion-induced strain by using more compliant microelectrode materials can reduce the tissue response. With the development of physiologically responsive mechanically adaptive nanocomposites (NCs), we introduced a new class of intracortical implant materials that are initially rigid to permit insertion without the need of an insertion aide, but soften after implantation to better match the mechanical characteristics of the surrounding tissue [14] [15] [16] [17] [18] [19] [20] . Comprised of cellulose nanocrystals (CNC) and polyvinyl acetate (PVAc), these NC materials soften from an initial state (dry at room temperature) upon in vivo implantation [16, 17] . In the case of the composite comprising 12% v/v CNCs isolated from tunicates, this mechanical switching is characterized by a change of the tensile storage modulus E′ from 5 GPa to 12 MPa [14, 15] . Chronic implantation of such a compliant NC has recently been shown to lead to a significant improvement in neuronal density surrounding microelectrodes [16, 21, 22] . the tissue response to implanted microelectrodes. Dexamethasone, an anti-inflammatory glucocorticoid, has been administrated via systemic injection [23, 24] and released from hydrogel coatings around neural implants [25, 26] . Most studies reported reduction in reactive astrocytes but little effect on activated microglia/macrophages. Rennaker et al. found that systemic administration of the antibiotic minocycline for up to 4 weeks postimplantation improved the signal to noise ratio (SNR) and the percentage of channels recording units, attributed to reduced reactive cells and increased neuronal survival [27] . However, minocycline provided no benefit towards stabilizing neural recordings at early time points and chronic antibiotic administration is not a sustainable solution. Additionally, several groups have investigated local delivery of a variety of bioactive modulators to enhance neural integration [24, 28, 29] . The Cui group immobilized L1, a neural adhesion molecule, to promote neurite outgrowth and neuronal survival surrounding implanted microelectrodes [30] . The results indicated no loss of neuronal cell bodies and a significant increase in axonal density at the interface [28, 31] . Studies have also considered coating electrodes with neural progenitor cells to re-establish neuronal populations, but the feasibility of delivering live cells is still being determined [29, 32] .
We previously reported on successful neuroinflammatory modulation with antioxidant therapy [33, 34] . Inflammatory-mediated oxidative stress events, resulting from dangerously high levels of reactive oxygen species (ROS), can induce corrosion of the electrode site and compromise neuronal health [34] [35] [36] . Further, an increase in ROS triggers activation of the NF-κB and AP-1 pathways, key inflammatory pathways that lead to production of inflammatory cytokines [37] . Therefore, antioxidative therapies have the capability to reduce reactive oxygen species accumulation and consequently inflammatory events. However, the neuroinflammatory response is multi-faceted and complex, and thus far, single solutions have not been sufficient to fully mediate the damaging elements.
The combination of compliant electrode materials, which can reduce long-term inflammatory events [21] , and local antioxidant delivery may enable a cooperative solution to reduce BBB-mediated damage throughout the implant lifetime, resulting in more stable recordings, throughout the entire implantation time. Curcumin-releasing polyvinyl alcohol (PVA) implants provided a first example of antioxidant-releasing compliant materials in which the acute inflammatory response was shown to be reduced [33] . However, the longterm data suggest that PVA is a less suitable materials platform than the previously employed PVAc NC, causing a loss of effectiveness at chronic time points. By contrast, the PVAc NC had been implanted for up to sixteen weeks with demonstrated long-term material stability and biocompatibility [21] . An alternative antioxidant, resveratrol, has demonstrated more potent antioxidant effects than curcumin, improving neuronal populations surrounding intracortical implants for up to four weeks with a single injection [34] . Thus, in this study, we propose a system to release resveratrol from PVAc NC implants to further stabilize neuron populations around compliant implants.
Methods

Chemicals and reagents
Pharmaceutical grade, 99% pure trans-resveratrol powder (Res) was purchased from Mega Resveratrol (Danbury, CT). Poly(vinyl acetate) (PVAc, M w = 100,000), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Triton-X 100, and all other reagents were purchased from Sigma Aldrich. Cellulose nanocrystals (CNCs) used in this study were isolated from tunicates (Styela clava) collected from floating docks in Point View Marina (Narragansett, RI), and prepared by sulfuric acid hydrolysis of the cellulose pulp, according to established protocols, as previously reported [19, 38] . To simulate the ionic composition of endogenous brain fluid, artificial cerebrospinal fluid (ACSF) was prepared following an established protocol [20] by dissolving the following compounds in one liter of deionized water: sodium chloride (NaCl) = 7.25 g, potassium chloride (KCl) = 0. 22 Cell culture reagents were purchased from Life Technologies.
Preparation of antioxidant-releasing nanocomposite films
A PVAc stock solution was prepared by dissolving PVAc in dimethylformamide (DMF) at a concentration of 50 mg/mL by stirring for 3 h at room temperature (RT). Similarly, stock solutions containing resveratrol were made by separately dissolving the antioxidant in DMF (10 mg/mL) by stirring for 1 h at RT. Lyophilized CNCs were dispersed in DMF at a concentration of 5 mg/mL by sonicating for 10 h at room temperature using a Bandelin Sonorex Technik RL 70 UH sonicator operating at 40 kHz. PVAc NC films containing 0%, 0.005%, 0.01%, 1.0% or 3.0% w/w of resveratrol and 15% w/w CNCs (NC Res) were made by combining appropriate amounts of the above stock solutions and CNC dispersion, and stirring the mixture for 30 min at RT. For this paper, resveratrol-containing films will be referred to as NC Res (X%), where X indicates the percentage of resveratrol. The mixtures were then cast into a Teflon ® Petri dish, dried at 70 °C for 5 days and further dried at 120 °C under high vacuum in an oven for an additional 24 h to evaporate all of the solvent. After drying, the NC films were compression-moulded between spacers in a Carver ® laboratory press (1000 psi for 2 min, followed by an increase of pressure to 3000 psi for 10 min) at 90 °C, to yield ~100 μm thin films. The NC Res films produced were stored in a desiccator at ambient temperature. NC implants for in vivo experiments were fabricated by lasermicromachining with a 355 nm wavelength picosecond laser (Model A-355-pico, Oxford Lasers) to a thickness of ~70-110 μm, a length of 2 mm, and a shank width of 50 μm. All materials were ethylene oxide sterilized before both in vitro and in vivo experiments.
Mechanical characterization
The mechanical properties of the NC films were characterized by dynamic mechanical analysis (DMA, TA Instruments, Model Q800). Tests were conducted in tensile mode, sweeping the temperature between 23 and 80 °C at a fixed frequency of 1 Hz, applying a strain amplitude of 15 μm and a heating rate of 5 °C/min. Samples for mechanical testing were prepared by cutting strips (~30 mm × ~6 mm × ~100 μm) from the films. To determine the mechanical properties of the films in the wet state, samples were first swelled in ACSF at 37 °C for one week. After the degree of swelling had been measured, DMA experiments were conducted in tensile mode using a submersion clamp, which allowed mechanical measurements while the NC films were immersed in ACSF. In this case, the temperature sweeps were limited to the range of 25-50 °C and experiments were conducted with a heating rate of 1 °C/min, a constant frequency of 1 Hz, and a strain amplitude of 15 μm. These experiments were repeated five times, and the result was expressed as mean ± standard deviation.
Finite Elemental Modelling (FEM) of antioxidant release
To estimate antioxidant release from doped NC films, a 2D finite-element model was developed to predict the drug release profile at the implant-tissue interface. The model consisted of a cross-section of a drug-containing NC implant within a tissue block. Boundary conditions were defined as no flux at the tissue borders and open boundary at the implant-tissue interface. Drug delivery through the tissue was modelled as Fickian diffusion. The effect of NC swelling on drug diffusion was not taken into account. Since diffusion properties of resveratrol through brain tissue have not been specifically determined, diffusion parameters were assumed to be similar to dexamethasone because the molecular weight, solubility, and density of dexamethasone closely matches that of resveratrol [39] . The system was defined as a no convection system with isotropic diffusion and first-order elimination kinetics (C = C 0 * eˆ(−kt), k e = 0.4 h −1 ) (assuming non-enzymatic reactions). The diffusion coefficient through brain tissue was defined as D brain = 2 e−6 cm 2 /s and through a porous polymer as D polymer = 2.04 e−10 cm 2 /s [39] . The initial concentration of drug within the implant at t = 0 was determined assuming a polymer implant of 100 μm × 50 μm × 2 mm doped with 0.005%, 0.01%, 1% or 3% w/w drug. Percent drug release at the tissue-implant interface with respect to time was determined.
Initial amounts of antioxidant within in vivo implants (50 μm × 100 μm × 2 mm) were estimated as % weight of the film using Eqs. (1) and (2).
(1)
where W antiox is the weight of antioxidant in a film sample, W film is the total weight of a film sample, % antioxidant is the mass % of antioxidant used to create the sample films, V sample is the volume of the film sample, W implant is the unknown weight of antioxidant in an in vivo implant, and V implant is the volume of an in vivo implant.
In vitro antioxidant release
To determine the release rate of resveratrol from the NC Res films, samples (~30 mm × ~6 mm × ~100 μm) were incubated at 37 °C in a mixture of 20 mL of 99.5% v/v ACSF and 0.5% v/v Tween-80, which was added to increase the solubility of the resveratrol in the ACSF. supplemented with 1% fetal bovine serum, 0.5% penicillinstreptomycin, non-essential Amino Acids (NEAA), and 1 μM retinoic acid) for 4 days, changing the differentiation media every 2 days. For all in vitro tests, BV-2 cells were seeded at a density of 8000 cells/cm 2 , and NSC-34 cells were seeded at a density of 5000 cells/cm 2 . All representative images from the assays detailed below were acquired by fluorescence microscopy using an inverted AxioObserver Z1 (Zeiss) equipped with an AxioCam MRm camera. For each assay, exposure times were held constant between conditions. All samples were tested three times per assay, and a minimum of three assays were performed to ensure consistency and repeatability of the measurements.
Glial cell viability-
To analyze the effects of the doped NC films on microglia cell viability, a slightly modified version of the LIVE/DEAD ® Viability/Cytotoxicity Kit (Life Technologies) was used. BV-2 cells were tested with NC films containing 0.005%, 0.01%, 1% or 3% w/w of resveratrol. BV-2 cells were seeded in a 12-well plate and film samples (1 cm × 1 cm × 70-110 μm) were suspended in the media using an insert and adhesive (KwikSil). Positive (all live) and negative (all dead) controls were performed using the insert and adhesive only, no film. The negative control was established by incubating cells with 70% methanol for 10 min. After 48 h, the media was removed and the cells were incubated in 8 μM ethidium homodimer-1 (EthD-1) and 0.1 mM calcein-AM in complete phosphate buffered saline (PBS) for 30 min. The samples were then washed once with PBS. Fluorescent images were taken (488 nm green/live, 594 nm red/dead) to qualitatively determine the cell viability and cytotoxicity of the different resveratrol concentrations.
BV-2 and NSC-34 co-culture: DHE and LIVE/DEAD ® -BV-2 cells and NSC-34 cells
were co-cultured to analyze their response to exposure to NC films. Here, we tested only the NC Res (0.01%), since the NC Res (1%) and NC Res (3%) showed cytotoxicity with BV2 microglia. The neat PVAc NC was used as a control. In all experiments, NSC-34 cells were first differentiated on 12-well plates for 4 days. Subsequently, BV-2 cells were seeded on tissue-culture treated 0.4 μm pore polycarbonate membrane inserts (Sigma-Aldrich). The NSC-34 and BV-2 cells were incubated with the experimental film (1 cm × 1 cm × 70-110 μm) suspended in the media for 48 h. After that time, the BV-2 cells were tested for intracellular superoxide accumulation and NSC-34 cells were analysed for cell viability.
Dihydroethidium (DHE) labeling was utilized to measure intracellular superoxide anion accumulation in BV-2 cells [40] . Prior to performing the staining, bright-field images were taken of the cells to ensure cell viability. Cells were washed one time with PBS, and then incubated with 3 μM DHE in PBS for 30 min at room temperature. After one wash in PBS, fluorescent images were taken at 555 nM to qualitatively visualize the DHE within the cells.
To quantify DHE staining, total fluorescent intensity of DHE was determined for each image and normalized to total fluorescent intensity of cells only control. Although total cell count varied for the different conditions, data were not normalized to total cell count because antioxidants can affect microglial proliferation [41] . To determine viability of neurons with NC films, cell morphology was assessed. Differentiated neurons were sensitive to repeated washing steps, therefore Live/Dead staining was not done.
Measurement of antioxidant activity of films
The antioxidant activity of NC Res films was determined by measuring the reduction of 2,2-diphenyl-1-picrylhydrazyl (DPPH), a stable free radical. Samples (3 cm × 0.5 mm × 70-110 μm) were incubated at 37 °C in 1 mL of complete PBS with 0.5% v/v Tween-80. Neat NC controls, NC Res (0.005%) and NC Res (0.01%) were tested. To indicate the targeted therapeutic range, resveratrol solutions of 5 μM and 25 μM were also tested. Previous analysis of resveratrol administration suggested that 5-25 μM was an effective dosage to modulate inflammation in neural tissue [34, 42] . At set time intervals (t = 1, 3, 24, 48, 72 h), the incubation solution was removed and replaced with fresh complete PBS with 0.5% v/v Tween-80. The removed incubation solution was mixed 1:1 with DPPH (100 μM diluted in 95% ethanol) in a 96 well plate. The plate was incubated at RT in the dark for 30 min, and then the absorbance of the solution was measured spectrophotometrically at 516 nm. The radical scavenging activity of the resveratrol-containing films was expressed using Eqs. (4) and (5),
where X was the normalized absorbance value of resveratrol loaded NC to neat NC, A was the absorbance values at time 't' of the DPPH solution with neat NC and B was the absorbance values at time 't' of the DPPH solution with resveratrol loaded NC. In Eq. (5), values were normalized to C, the average absorbance of DPPH with 25 μM resveratrol, the upper limit of the targeted therapeutic range. All samples were tested three times per trial, and three trials were performed to ensure consistency and repeatability of the measurements.
Animal surgery
Surgical procedures for non-functional microelectrode implantation closely followed established protocols, with minor changes [43] [44] [45] . Briefly, forty-eight male Sprague Dawley rats (250-300 g) (Charles River, Spencerville, OH) received implants and were euthanized after three days, two weeks, or sixteen weeks. Prior to surgery, animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally (IP). Once anesthetized, the surgical area was shaved, and the animal was mounted on a stereotaxic frame and maintained on isoflurane (0.5-2%). A single injection of local anesthetic, Marcaine (0.5%), was administered below the incision site subcutaneously (SQ), then the surgical area was scrubbed with betadine and 70% isopropanol for sterilization. Animal body temperature was maintained on a circulating water pad and vitals were monitored using a blood-oxygen and heart rate measurement system (Pulse-Sense, Nonin Medical, Inc.).
First, a one-inch incision was made at midline to expose the skull, using a scalpel. The surrounding tissue was retracted and a 3 mm hole was created in the skull, manually, using a biopsy punch (P/N #536, PSS Select), approximately 3 mm lateral to midline and 4 mm caudal to bregma. Then the dura was reflected using a 45 degree dura pick. Animals received either a NC only or NC Res (0.01%) implant (n = 6-8 for each time point), randomizing which hemisphere was implanted. All implants were inserted approximately 2 mm deep into the cortical tissue by hand, by the same skilled surgeon. Implants were implanted perpendicular to the surface of the brain, to minimize the footprint of tissue damage, while avoiding larger vasculature. Following implantation, implants were tethered to the skull using Kwik-sil (World Precision Instruments) and UV-cured dental acrylic (Fusio-liquid dentin, Pentron Clinical) over the surgical area and skull. The incision was then closed with 5-0 monofilament polypropylene suture (Henry Schein) and a triple antibiotic ointment was applied to the incision. Once the animal woke from anesthesia, meloxicam (5 mg/kg, SQ, once a day for 2 days) and cefazolin (16 mg/kg, SQ, twice a day for 2 days) were administered for potential pain and to prevent infection. Surgical procedures and animal care practices were performed in accordance with the Case Western Reserve University Institutional Animal Care and Use Committees (IACUC).
Tissue processing
At three days, two weeks, or sixteen weeks post-implantation, animals were anesthetized using an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Each animal was perfused transcardially with 1X PBS (Invitrogen) until the exudate was clear. The brain was carefully removed, placed in fresh 10% sucrose and stored at 4 °C for up to one week. Prior to sectioning, the tissue was cryoprotected in a step-wise gradient of 10-20-30% sucrose (Sigma) in 1X PBS at 4 °C, until equilibrium was reached at each step. After equilibration in 30% sucrose, the tissue was frozen at −80° C in optimal cutting temperature compound (Tissue-Tek), sliced axially in 20 μm sections at −25 °C, and mounted on Superfrost™ Plus microscope slides (Fisher Scientific) to be stored at −80 °C until immunohistochemical labelling.
Immunohistochemistry
In preparation for immunostaining, the tissue was removed from −80 °C and placed at room temperature in a humidity chamber to prevent dehydration of the tissue. The tissue was fixed with 4% paraformaldehyde for 15 min and then washed three times with 1× PBS, followed by conditioning in 1× PBS with 0.1% Triton-X 100 (Sigma) (1× PBS-T) for 15 min. Tissue was then blocked with goat serum blocking buffer (4% v/v serum (Invitrogen), 0.3% v/v Triton-X 100, 0.1% w/v sodium azide (Sigma)) to prevent nonspecific binding. The tissue was incubated in primary antibody diluted in goat serum blocking buffer at 4 °C overnight.
The following primary antibodies were used: mouse anti-glial fibrillary acidic protein (GFAP) (1:500, Invitrogen) to stain astrocytes, rabbit anti-immunoglobulin G (IgG) (1:100, AbDSerotec) to quantify blood brain barrier stability, mouse anti-CD68 (ED1) (1:100, Chemicon) to mark activated microglia/macrophages, and mouse anti-neuronal nuclei (NeuN) (1:250, Millipore) to mark neurons. On the following day, the tissue was washed six times for 5 min each with 1X PBS-T, then incubated for two hours at room temperature with Alexa Fluor conjugated secondary antibodies (1:1000 in goat serum blocking buffer) and counterstained with 4',6-diamidino-2-phenylindole (DAPI) to stain total cell nuclei. The tissue was again washed six times with 1X PBS-T for 5 min each. To remove tissue autofluorescence, the tissue was placed in 0.5 mM copper sulfate buffer (50 mM Ammonium Acetate, pH 5.0) (Sigma) for 10 min [44] . Finally, the tissue was rinsed with distilled water and mounted with Fluoromount-G (Southern Biotech) on microscope slides for imaging.
Quantitative analysis
Following immunohistochemistry, slides were imaged using a 10× objective on AxioObserver Z1 (Zeiss) equipped with an AxioCamMRm (Zeiss). MosaiX software (Zeiss) was used to capture and stitch 16 separate images to provide a larger field of view without compromising resolution. Exposure times were held constant for each cellular marker. The acquired images were then linearized and exported as 16-bit tagged image file (TIF) with minimal compression to optimize intensity analysis. Representative images have been slightly enhanced only for presentation purposes to accurately reflect our experimental data.
For all images except NeuN, a custom MATLAB program (MINUTE) was used to analyze the fluorescent intensity profiles as a function of distance from the implant site. For each image, the implant hole was manually defined. The program quantified the intensity of cellular marker expression for each 2 μm bin up to 1500 μm away from the edge of the implant hole. The quantified fluorescent intensities were then normalized to background which was defined as the average intensity 1000-1050 μm away from the interface. The fluorescent intensity profiles as a function of distance from the implant site were acquired for each image. For each stain, six slices per animal were analysed and averaged by animal.
The area under the curve (AUC) for each profile was calculated using MATLAB and averaged for each stain, time point, and implant type at 0-50, 50-100, 100-150, and 150-200 μm from the implant-tissue interface.
To quantify the neuronal population around the site of implantation, the implant hole was manually defined in Adobe Photoshop. Concentric rings up to 200 μm from the implant were created and the number of neurons within each ring was manually counted. The neuronal density was calculated and converted to percent to sham background by normalizing to neuronal density from age-matched sham animals for each time point.
Statistical analysis
For all in vitro experiments, a minimum of three trials (N = 3, n = 9) were used for statistical evaluation (N ≥ 3). Here, N = the number of trials, while n = the total number of samples. Statistical analysis was determined with Minitab 16. For the Live/Dead assays a one-way analysis of variance (ANOVA) with a Tukey's post-hoc test was used to find significance. For all other assays, a Student's t-test was utilized to determine significance. To compare the fluorescent intensity profiles between different implant types in vivo, the AUCs for each stain were averaged per animal (N = 6-8) and analysed by using a general linear ANOVA model. For NeuN, the number of neurons per area was used for statistical analysis. In all cases, statistical significance was defined as p < 0.05.
Results
Material characterization
Dry NC implants containing 15% w/w CNCs (but no resveratrol) were previously shown to be readily inserted through the pia mater into the cerebral cortex of a rat without the need for insertion aides, and to soften considerably once implanted in the brain tissue [16, 17] . In order to confirm that the introduction of resveratrol did not alter this mechanically adaptive behaviour, the mechanical properties of NC Res films were investigated using dynamic mechanical analysis (DMA). Table 1 summarizes the tensile storage moduli (E′) of the NC Res as well as the neat NC control film in the dry and ACSF-swollen state as a function of temperature. All of the materials studied undergo a pronounced modulus reduction from ~6000 MPa to ~10 MPa upon exposure to (emulated) physiological conditions, due to matrix plasticization and/or decoupling of the CNCs on account of competitive hydrogen bonding with water consistent with previous studies in our labs [14] [15] [16] . For example, NC Res (3%) exhibit a reduction of E′ from 6340 MPa (dry, RT) to 14 MPa (ACSF-swollen, 37 °C) ( Table 1 , Fig. S1 ). Further, Table 1 shows that in the compositional range studied, the addition of resveratrol had little-to-no impact on the mechanical properties in the dry state. While the data suggest minor differences in E′ in the water-swollen state, these are barely significant and no trend regarding the influence of the Res content can be discerned. Characterization of NC Res indicated that sample undergo aqueous swelling to ca 80% w/w (Fig. S2) . Further, thermogravimetric properties from addition of resveratrol at all concentrations can be seen in Fig. S3 .
Antioxidant release profile
Systemic administration of resveratrol demonstrated improvement in neuronal populations for up to four weeks after the initial dose in rats [34] . Subsequent biodistribution analysis revealed anti-inflammatory efficacy of 5-25 μM resveratrol delivered to the brain [42, 46] . Therefore, the therapeutic target range in the surrounding tissue was ~25 μM. Here, the optimal drug concentration for the resveratrol within loaded films was determined using the results from finite element analysis, in vitro resveratrol release characterization, and cell culture.
Finite element analysis indicated that drug was released up to 5 μm away from the implant surface (Fig. 1) . Additionally, the analysis showed that 42% of the antioxidant was released after 2.7 h and 100% was released after ca. 24 h. Calculated values of resveratrol contained within in vivo implants are indicated in Table 2 . Assuming a diffusion volume of 5 μm from the implant surface and the starting concentration of the films, the NC Res (0.005%) film fell within the target range. However, given that the FEM model did not account for metabolic breakdown, chemical reactions, or swelling properties of the NC, it is assumed that the release may be much lower than the model indicates and thus, higher concentration films were created.
In vitro resveratrol release studies were performed to establish the timeframe in which the resveratrol was released from the NC under (emulated) physiological conditions. The release studies were carried out by submerging NC Res films in ACSF at 37 °C and monitoring the UV absorbance of resveratrol in the supernatant solution as a function of time. The cumulative release percentage, relative to the total amount of resveratrol nominally included in the composition, is shown in Table S1 . After the drug release experiments were carried out, the drug-loaded films were found to be colourless, indicating that the majority of the NC Res films were released into the medium within a timeframe of ~70 h. However, only about ~64 ± 4% w/w of the resveratrol comprised in the NC was detected by UV-vis after 72 h (See Table S1 ).
The fact that the percentage of antioxidants released from the NC films was lower than 100% w/w could be due to a number of factors. For example, the decomposition of a fractional amount of the antioxidants during processing conditions can cause undesirable hydrolysis reactions in the active antioxidant compounds. Several factors, such as light, solvents or pH conditions, have been reported as contributing to the degradation of resveratrol [47, 48] . We found (data not shown) that antioxidants studied here decomposed upon exposure of the antioxidant solutions (dissolved in DMF) to oxygen at room temperature. Finally, trapping of a small amount of resveratrol in the NC matrix may also be possible. Based on these considerations, and to allow for a comparison of the release kinetics between compositions, the data presented in Table S1 were normalized as antioxidant released percentage versus time (Fig. 2) . Additionally, as expected, the absolute amount released from the films scaled with the drug content; the NC Res (3%) films released ca. 3.5 times more resveratrol than the NC Res (1%) films after 72 h incubation in ACSF at 37 °C. Unfortunately, it was not possible to detect the release of the antioxidants photometrically in low dose nanocomposites (NC Res (0.005%) and NC Res (0.01%)) due to the limited sensitivity of the technique. However, the relative percentage of antioxidant released was assumed to hold for the low dose nanocomposites.
In vitro validation
In order to determine the optimal antioxidant concentration for in vivo implants, it was important to first investigate the potential cytotoxicity and antioxidative activity of the various concentrations. To this end, in vitro cytotoxicity assays were performed to ensure safety of released antioxidant levels. Further, antioxidative activity assays (DPPH and DHE staining), were utilized to assess the efficacy of released antioxidants in the reduction of accumulated ROS.
3.3.1. Glial cell cytotoxicity-Cell viability assays were initially performed by exposing BV2 microglia to neat NC samples or NC Res films containing 0.005%, 0.01%, 1%, or 3% resveratrol (Fig. 3) . Exposure to neat NC films had no effect on cell viability when compared to a cells only control. Additionally, exposure to NC Res + 0.005% and 0.01% resveratrol demonstrated no substantial cell death. However, NC Res + 1% and 3% resveratrol induced considerable cell death compared to the controls. Therefore, NC Res + 1% or 3% w/w resveratrol films were not used in further experiments due to the exhibited cytotoxicity.
3.3.2.
Antioxidant activity-Next, the DPPH assay was utilized to investigate the antioxidative activity of NC Res (0.005%) and NC Res (0.01%). Reduction of DPPH by resveratrol indicates the ability to reduce ROS species. In Fig. 4 , the targeted therapeutic range of 5-25 μM is denoted by the grayed region and values were normalized such that reduction by 25 μM resveratrol is defined as 100% DPPH reduction. NC Res (0.005%) films do not exhibit antioxidative efficacy within the targeted range. For NC Res (0.01%), antioxidative activity was maximal after 24 h (76%) and within the therapeutic range for up to 48 h.
Intracellular ROS and neuron cytotoxicity-NC
Res (0.01%) films were found to have no cytotoxic effects on glial cells and exhibited antioxidant activity within the target therapeutic range. Further in vitro experiments were performed to confirm neuron viability and ROS reduction with NC Res (0.01%) films. Since neurons exhibit a higher cytotoxic sensitivity than microglia cells, NC Res (0.01%) films were incubated with neuron cultures for 48 h (Fig. 5A ). NC Res showed no effect on neuronal morphology or processes. To determine potential effects on intracellular ROS production, DHE fluorescence was detected on microglia exposed to NC Res (0.01%) for 48 h (Fig. 5B) . Exposure of microglia to NC surfaces alone did not affect intracellular ROS. Quantification of DHE fluorescence showed that microglia incubated with NC Res (0.01%) had significantly less intracellular ROS than neat NC controls. Therefore, implants were fabricated from 0.01% resveratrol-containing NC (NC Res) films for in vivo characterization.
In vivo characterization
Following validation of in vitro cytocompatibility and antioxidative activity, NC Res (0.01%) neural implants were analyzed for their ability to reduce the neuroinflammatory response compared to non-loaded NC. Immunostaining of brain slices for various neuroinflammatory markers at the implant-tissue interface was performed for several time points that were selected to monitor acute and chronic inflammation. Insertion of intracortical microelectrodes induces tissue and vascular damage, allowing infiltration of blood cells and proteins into the brain tissue. Immunostaining for immunoglobulin G (IgG) indicated damage and permeability of the blood brain barrier (BBB) [10] . Microglia/ macrophages play a major role in the brain's immune response to foreign implants, inducing recruitment of inflammatory cell types and releasing cytotoxic factors such as reactive oxygen species (ROS). Up-regulation of activated microglia/macrophages around the implants was indicated by CD68+ immunostaining [49] . The extent of astrocytic encapsulation following implantation was measured with GFAP+ immunostaining [50] . Most importantly, to ensure high quality neural recordings, neurons should be in close proximity of the electrode [51] . In order to quantify the neuronal density around the implant, neuronal nuclei (NeuN) was counted as a function of distance from each type of implant.
3.4.1. Three day time point-At three days post-implantation, no statistically significant differences were apparent for any of the inflammatory markers (Fig. 6) . No substantial glial scarring was visible around either the NC or NC Res implants (Fig. 6A-C, M) . A small, but diffuse, accumulation of serum protein IgG was observed up to 800 μm away from the interface for both implant types (Fig. 6D-F, N) . Similarly, the population of activated microglia/macrophages (CD68+) was detected as far as approximately 600 μm away from both types of implants ( Fig. 6G-I, O) . Both implant conditions also caused significant neuronal dieback (Fig. 6J-L, P) , reducing neuronal populations to ~40% near the implants (0-50 μm), compared to age-matched sham animals.
Two week time point-
The most significant differences between implant conditions were seen at two weeks post-implantation (Fig. 7) . NC Res implants exhibited significantly improved neuronal populations around the implant at 0-50 μm compared to neat NC (Fig. 7J-L, P) . In fact, the neuron density around NC Res was statistically similar to that of the age-matched sham at 0-50 μm away from the implant site. Meanwhile, NC implants had significant neuronal dieback at 0-50 μm compared to age-matched sham animals. At distances greater than 50 μm from the interface, both implant types exhibited full recovery of neurons compared to age-matched sham animals. Additionally, expression of CD68+ microglia/macrophages was significantly reduced around NC Res implants (Fig.  7G-I, O) . The CD68+ expression extended to ~300-400 μm for both implant types. However, NC Res implants exhibited significantly less CD68+ immunostaining at 0-50 μm away from the implant.
While reduced CD68+ cell populations correspond with improved neuronal populations, astrocytic scaring and BBB instability did not. For both conditions, glial scarring extended up to 600 μm from the implant, and both conditions were statistically similar (Fig. 7A-C,  M) . Further, IgG+ immunostaining showed statistically similar profiles between both conditions, with staining extending up to ~500 μm from the implant (Fig. 7D-F, N) .
3.4.3.
Sixteen week time point-At sixteen weeks post-implantation, there was no statistically significant difference between NC and NC Res implants for any of the inflammatory markers (Fig. 8) . For both neat NC and NC Res, the glial scarring was more compacted, extending up to 300-400 μm from the implant site ( Fig. 8A and B, I ). IgG+ immunostaining was low at sixteen weeks, and similar to earlier time points, there was no statistically significant difference between the two types of implants ( Fig. 8C and D, J) . There was no statistically significant difference between the expression of CD68 around NC and NC Res implants at sixteen weeks post-implantation ( Fig. 8E and F, K) . Further, no significant difference in neuronal density was observed between NC and NC Res at any distance from the implant (Fig. 8G and H, L) . Significant reduction in neuron density (~50%) was evident from 0 to 50 μm from the interface for NC Res compared to agematched sham animals. However, at further distances, full recovery to native levels was evident for both implants.
Discussion
The characteristics of the tissue surrounding microelectrodes play a crucial role in the stability and integration of implanted devices. Recent literature has supported the hypothesis that the integrity of the blood-brain barrier (BBB) may be a major factor in the neuroinflammatory response to microelectrodes. Specifically, examination of the tissue response surrounding implanted microwire and Michigan-style microelectrodes revealed that the BBB integrity immediately surrounding the implantation site was compromised [52, 53] . Additionally, the extent of neuroinflammation has been correlated to the proximity of the implant to large vessels [54] . Most important to device function, several studies have begun to correlate microelectrode performance the stability of the BBB. For example, Kozai et al. demonstrated that increased bleeding intensity was linked to a reduction in SNR [55] . Further, Saxena et al. correlated the long-term stability of functional single unit recordings with changes in BBB permeability [11] . The study by Saxena et al. was the first to directly relate increased BBB leakiness to reduced quality of neural recordings.
Since the integrity of the BBB appears to play a critical role in intracortical microelectrode performance, we have explored several mechanisms to inhibit potential causes for BBB breakdown in parallel. The administration of antioxidants has been shown to improve BBB integrity and neuronal proximity at acute time points [33, 34] . However, long-term delivery methods to minimize potential undesirable consequences are still under investigation [35, 46] . Alternatively, our initial NC implants designed to reduce tissue strain were able to improve neuronal proximity for up to sixteen weeks post-implantation [21, 22] . However, fluctuations in BBB integrity and microglial activation, which may affect neuron recording capabilities throughout device lifetime, were noted during the implantation period. The current study describes a strategy to combine mechanically adaptive NC materials with therapeutic antioxidant delivery as a cooperative system to improve BBB healing and implant integration.
At both three days (Fig. 6 ) and sixteen weeks (Fig. 8 ) post-implantation, NC Res implants had no discernible difference from NC controls. At three days, the insertion damage is presumably overwhelming any potential actions/therapeutic effects of the antioxidant. This is consistent with wound healing events in response to insertion damage being the predominant issue immediately following implantation. As such, reduction of insertion-mediated damage is critical and several groups have investigated the effects of insertion speed, tip geometry, and probe size during implantation [56] [57] [58] . For example, Kozai et al. explored utilizing ultra-small microelectrodes or avoiding large vasculature with in vivo two-photon microscopy to reduce insertion damage [59, 60] . Alternatively, at sixteen weeks post-implantation, it was expected that the effects of the antioxidant delivery would wear off. It was anticipated that due to complete release of resveratrol, there would be no difference between NC and NC Res implants (as seen in Fig. 8) . We have previously shown that our NC implants reduce the neuroinflammatory response compared to traditional silicon implants, at the most chronic time points (16 weeks) post-implantation [21, 22, 33, 61] . Therefore, our goal in the design of the combinatory antioxidant and compliant implant approach was to maintain the reduced neuroinflammatory response throughout the duration of implantations, thereby allowing for stable recordings throughout implant lifetime. We set out to maximize the short-term advantages of antioxidant therapy, without the possible longterm dosing complications, while also benefiting from the long-term neuroinflammatory improvements provided by our more compliant NC implants.
Characterization of antioxidant-containing films used in this study indicated no changes in material properties due to incorporation of resveratrol. (Table 1 , Fig. S1 -S3) While in vitro release and antioxidative activity of resveratrol were noted up to 48-72 h (Figs. 2 and 4) , in vivo results exhibited benefits from NC Res (0.01% resveratrol-containing NC) for at least two weeks post-implantation ( Fig. 7) but not at three-days post implantation. Delayed reaction to resveratrol delivery may be due to the mechanism by which resveratrol affects inflammation. Resveratrol can directly neutralize and scavenge free radicals. However, it can also inhibit mRNA production of pro-inflammatory cytokines and inhibit NF-kB and NOS expression [62] . Reduction in pro-inflammatory molecules and expression of inflammatory genes may induce changes in inflammatory cell phenotype and lead to a delayed change in environmental neurotoxicity.
Here, NC Res implants reduced activation of microglia compared to neat NC implants at the two week time point. Significant reduction in microglial activation can influence the inflammatory environment and allow for increased neuronal survival, which is seen in Fig.  7K , P. Further, the neuron viability from NC Res implants indicated a similar improvement to a single systemic dose of resveratrol, showing ~75% neuronal nuclei density at two weeks [34] . However, the systemic resveratrol study indicated reduction in BBB permeability at two weeks with resveratrol dosed animals, which is not seen in the present study (Fig. 7N) . NC alone has been shown to reduce BBB permeability [21] , so the addition of resveratrol may not provide a further benefit. The mechanism of action for system resveratrol delivery may also differ from local delivery. Systemic resveratrol delivery may pre-emptively and directly affect blood-derived cells and factors involved in inflammation, which have been found to be the predominant cells involved in mediating neurodegeneration [63] . However, resveratrol still exhibits neuroprotection regardless of type of delivery.
Our lab continues to investigate antioxidative strategies to reduce device-induced neuroinflammation. Experiments are underway to improve resveratrol delivery to the brain and investigate the feasibility of continual injections for a more prolonged effect. Further, it may be feasible to locally deliver resveratrol until the reserves are exhausted, then subsequently provide systemic resveratrol administration. Alternatively, our lab has explored the use of surface-conjugated superoxide dismutase (SOD) mimetics to provide sustained ROS scavenging around silicon implants [42] . SOD mimetics could potentially be conjugated and released from the NC for another combined approach to modulate neuroinflammatory events. Together, reducing tissue strain and the oxidative environment surrounding implanted microelectrodes promise to address additive mechanisms which lead to neural tissue damage and corrosion of electrode materials.
Conclusions
In summary, the results of this study demonstrate that the addition of local antioxidant delivery can further improve neuron density surrounding already beneficial compliant implants. Incorporation of resveratrol into the NC had no effect on material properties and antioxidant release was expected for up to 72 h. With the in vivo studies, at three days postimplantation, insertion damage and wound healing events dominated the neuroinflammatory response. However, beneficial effects of local resveratrol delivery were seen at two weeks post-implantation, with significant reduction in microglial activation and improvement in neuron density. NC only and NC Res exhibited similar tissue responses sixteen weeks postimplantation when the antioxidants were exhausted. Therefore, the addition of Res to NC implants exhibited short-term benefits of antioxidant treatment and the long-term reduction in neuroinflammation by compliant implants. Together, these results demonstrate that local delivery of antioxidants can provide an additive advantage to enhance attenuation of the tissue response to compliant implants.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Assessment of the initial inflammatory response at three days post-implantation. No significant difference between types of implants was seen three days after implantation. Both implants induced significant neuronal loss at 0-50 μm from the interface. #p < 0.05 compared to age-matched sham controls (dotted line). White line denotes implant location. Scale bar = 100 μm. Assessment of the inflammatory response at two weeks post-implantation. NC Res implants exhibit a significant reduction in CD68+ staining and improvement in neuron density from 0 to 50 μm from the interface. *p < 0.05 between NC vs NC Res. #p < 0.05 compared to agematched sham controls (dotted line). White line denotes implant location. Scale bar = 100 μm.
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Fig. 8.
Assessment of the inflammatory response at sixteen weeks post-implantation. For all markers tested, no significant difference was seen between NC and NC Res implants. #p < 0.05 compared to age-matched sham controls. White line denotes implant location. Scale bar = 100 μm. 
